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SUMMARY 

The convective heating of a blunt l i f t i n g  body with controls was measured 
a t  a Mach nuniber of 5 and a stream stagnation enthalpy of 160 Btu per pound i n  a 
steady flow wind tunnel and at a Mach number of 10 and stream stagnation enthalpy 
of 4000 Btu per pound i n  a combustion driven shock tunnel. 
a t  angles of a t tack from +6.5' t o  -14' and consisted of the lower half  of a 
blunt 30' semiapex angle cone with a f la t  upper section inclined 6.6O t o  the 
cone ax is .  T h i s  shape i s  often termed the  M-1 configuration. The free-stream 
Reynolds numbers based on m a x i m  body diameter were 0.72X106 i n  the  wind tunnel 
and 0.012XlOf3 fo r  the  shock-tunnel t e s t .  
the  two t e s t  conditions were similar over t he  nose and conical surface of the 
body; however, the  shock-tunnel data were found t o  indicate somewhat lower heat- 
ing on the forward areas  of the f la t  upper surface. 
data f o r  the body a t  angles of a t tack of Oo and -14' were found t o  agree well 
with theo re t i ca l  estimates fo r  laminar flow. 
wind tunnel and found t o  vary from 1 percent t o  about 8 percent of the body 
stagnation value. 

The body w a s  t e s t ed  

The heating d is t r ibu t ions  obtained at  

A t  both t e s t  conditions, the 

Base heating w a s  measured i n  the 

Trai l ing flap-type controls were t e s t ed  and under some conditions evidenced 
For controls mounted heating i n  excess of t h a t  at the body stagnation point.  

a f t  of the  f l a t  upper surface near the outer edge of the body there  were large 
l a t e r a l  and longitudinal variations i n  heating a t  large def lect ion angles. 
evidence of intense heating of the body surface adjacent t o  the  upper controls 
a t  large def lect ion angles was a l so  noted. 
t r iangular  elevonlike controls was i n  reasonable agreement with theo re t i ca l  
estimates f o r  a swept cylinder, and varied from about 0.6 t o  0.8 of the  body 
stagnation value. 

Some 

Heating of the leading edge of small 

t 

I 
LNTRODUCTION 

c 

Numerous s tudies  have shown t h a t  the  use of r e l a t ive ly  small amounts of 
l i f t  can have s igni f icant  effects  on the  motion and heating of vehicles entering 
planetary atmospheres (e.g., r e f s .  1-4). Based on these studies,  entry vehicles 
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with l i f t - d r a g  r a t i o s  a s  low as one-half can be a t t r a c t i v e  fo r  many applica- a 
t ions,  par t icular ly  f o r  manned missions. Among the  sui table  shapes with low 
l i f t -d rag  r a t i o  a re  the  so-called l i f t i n g  bodies. 
maximum l i f t -d rag  r a t i o  near one-half and consisting of essent ia l ly  one-half of 
a blunt 30' half-angle cone w a s  introduced by Eggers and Wong i n  reference 5 .  
This shape i s  often referred t o  as the M-1. 

A l i f t i n g  body having a 

. 
Since i t s  introduction the  M - 1  configuration has been the subject of numer- 

ous investigations (see r e f s .  6 t o  1 4 ) .  
force and s t a b i l i t y  character is t ics ;  however, a study of the convective heating . 
w a s  begun i n  reference 10. The present paper contains the r e s u l t s  of addi t ional  
studies of the heat-transfer charac te r i s t ics  of the configuration. The convec- 
t i v e  heating i s  examined a t  two widely different  enthalpy l eve l s  and the  meas- 
ured r e su l t s  a r e  compared with theore t ica l  estimates. Considerable a t t e n t i o n  
i s  directed toward the heating of several  aerodynamic controls, and exploratory 
measurements of  base heating a t  low enthalpy w i l l  a l s o  be presented. 

The majority have been focused on i t s  
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EXPERIMENT 

Test F a c i l i t i e s  

Tests were conducted i n  the  Ames 10- by 14-inch supersonic wind tunnel  and 
the  Ames 1-foot hypervelocity shock tunnel.  
tunnel,  which i s  a continuous flow type, may be found i n  reference 17. 
conditions f o r  the  present t e s t s  were 

A descr ipt ion of t he  10- by 14-inch 
Tunnel 

M, = 5.0,  PT = 86 ps ia ,  TT = 200' F, and. 
ReD = 0 72xio6. 

The fanes 1-foot hypervelocity shock tunnel (see r e f .  16) i s  a combustion- 
heated, shock-driven f a c i l i t y  i n  which hydrogen and oxygen a r e  ign i ted  i n  a 
mixture with helium t o  produce a large volume of high-temperature, high-pressure 
gas.  
through a nozzle t o  the  tes t  chamber. Nominal t e s t  conditions during the  data  
taking period were: 
and stream veloci ty  13,800 f t / s ec  . 
ments has indicated the  poss ib i l i t y  of small departures from chemical equi l ib-  
rium i n  the nozzle flow. It i s  believed, however, t h a t  measured heating d i s -  
t r ibu t ions  a re  unaffected by these small departures from chemical equilibrium. 

This gas i s  used t o  shock compress the  tes t  f l u i d  (a i r ) ,  which then expands 

M, = 10, stream t o t a l  enthalpy 4000 Btu/lb, ReD = 0.012X106, 
Analysis of t he  stream ca l ibra t ion  measure- 

Models 

The models and nose coordinates a re  shown i n  f igure  1. The body consis ts  
of the  l o w e r  half  of a blunted 30' semiapex angle cone with a f l a t  top sect ion 
inclined 6.6' t o  t he  cone ax is .  
t i v e  t o  t h i s  f l a t  top surface. The modified nose contour, described by Sarabia 
i n  reference 6, w a s  used for the  present t e s t s .  
controls shown i n  f igure  l ( a )  a re  re fer red  t o  as control  s e t  I and have an aspect 
r a t i o  of 0.6. Control s e t  I1 i s  shown i n  f igure  l ( b )  and consis ts  of two aspect- 
ratio-1.0 p i t ch  controls and two aspect-ratio-0.6 yaw controls .  Small  elevonlike 
controls were t e s t ed  separately and a re  shown i n  f igure  l ( c ) .  The twin supports 
which were used for base heating and pressure measurements a re  sketched i n  
f igure  l ( d ) .  These supports were attached t o  the  body a t  the  normal locat ion of 
t he  control-set-I  upper f l a p s .  

Body angle of a t tack ,  a, i s  measured re la -  

The four t r a i l i n g  flap-type 

The models used for  these t e s t s  were drawn from a f l a t  type-321 s t a in l e s s -  
s t e e l  sheet 0.015 inch th i ck .  The w a l l  thickness of t he  completed models w a s  
considerably l e s s  than t h i s ,  however, and varied from about 0.006 inch a t  the  
nose t o  about 0.010 inch a t  the  base. 

The f inished she l l s  were fastened t o  a support ring with e i the r  s o f t  
solder or spot welds. 
i n  t he  10- by 14-inch wind tunnel with comparable r e s u l t s .  
the  model w a s  cut from 0.010 inch thick type-321 s t a in l e s s - s t ee l  sheet and was 

Models employing each type of construction were t e s t ed  j 

The f l a t  base of 

a insulated f r o m  the  body. The controls were a l s o  insulated f romthe  base with 
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on spacers. The flap-type controls were formed of a f l a t  type-321 s ta inless-  
s t e e l  sheet 0.013 inch thick.  The elevons were a l so  formed from a type-321 
s ta in less -s tee l  sheet which was ro l led  t o  0.007-inch thickness before being 
formed. 

e 
Instrumentat ion 

Model skin temperature was measured with 0.005-inch-diameter copper- 
L - - - - A - - + - -  Cull3 b a l l b a l l  allu - -A  : J-I nnn-nnncfanfan V A L  b ” L I u  “-A*”..”-* + . h P r m n o n q n l p q ,  ” ----- -- - =-4 L Three hot-junction confiffurations 
were employed: (a) both wires s i lve r  soldered i n t o  individual d r i l l e d  holes i n  
the skin, (b) wires b u t t  welded together and s i lver  soldered t o  the inside skin 
surface, and ( c )  both wires individually spot welded t o  the  inside skin surface. 
The t e s t  r e s u l t s  showed no e f f ec t  of the variations i n  thermocouple materials or 
i n s t a l l a t i o n  techniques. 
the cold junctions were placed i n  a d ie lec t r ic  silicone-oil bath which w a s  main- 
tained a t  32’ F. Because of the short times involved i n  the  shock-tunnel t e s t s ,  
a room-teqerature reference w a s  used. 

For t e s t s  i n  the 10- by 14-inch supersonic wind tunnel, 

Thermocouple outputs were recorded as a function of time with a recording 
oscillograph during t e s t s  i n  both f a c i l i t i e s .  
were a l so  monitored with oscilloscopes dur ingthe  t e s t s  i n  the shock tunnel. 
Amplifiers were used fo r  the shock-tunnel t e s t s  t o  obtain the required sensi- 
t i v i t y  from the fast-response galvanometer elements t h a t  were used. 

Outputs from several thermocouples 

Over-all instrumentation response was important f o r  the  t e s t s  i n  the shock 
tunnel and it was checked by impressing on each channel a sawtooth s ignal  of 
proper frequency and strength t o  simulate a thermocouple output. The osci l lo-  
graph t races  were found t o  be l inear  within the accuracy of measurement and the 
time delay associated with the change i n  slope was found t o  be approximately 5 
milliseconds. Since the t rans ien t  thermal response time of the model skin 
varied from 3 t o  15 milliseconds, the data were evaluated a t  times greater than 
15 milliseconds a f t e r  the s t a r t  of flow. System response was not checked f o r  
the t e s t s  i n  the  10- by 14-inch wind tunnel since amplifiers were not used and 
the required time response of the galvanometers w a s  well  within rated perform- 
ance. 

Test Procedure 

Data were obtained i n  both t e s t  fac i?  ,ies by the use of the th in-she l l  
transient-temperature technique. With t h i s  technique, the model i s  exposed t o  a 
sudden change i n  environment and the time ra te  of change of the model s h e l l  tem- 
perature i s  determined. I n  the shock tunnel the f a c i l i t y  i t s e l f  provided the 
sudden change i n  conditions. I n  the wind tunnel a s l igh t ly  d i f fe ren t  procedure 

* was used and two types of data were obtained, heat-storage r a t e  and equilibrium 
surface temperature. 
by recording model temperatures a t  the desired t e s t  condition u n t i l  equilibrium 

The equilibrium surface temperatures were measured f i r s t  

s obtained. Heat-storage r a t e s  were then obtained with the following 
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technique. 
upstream of the  supersonic nozzle. 
temperature depression varied from 100' t o  250° F) the  flow of coolant w a s  
stopped. Thermocouple output as a function of t i m e  w a s  then recorded as t h e  
tunnel stream warmed the  model. 

Liquid nitrogen w a s  in jected i n  the  wind-tunnel s e t t l i n g  chamber j 
After suf f ic ien t  cooling w a s  achieved ( t h e  

High-speed color motion pictures  and short-time-duration s t i l l  p ic tures  
were taken during the  shock-tunnel t es t s  and shadowgraphs were taken during tests'  
i n  t h e  wind tunnel. 

Data Reduction and Accuracy 

Heat balance.- A heat balance for  the  model skin may be wri t ten as: 

- 
qstored - qconvection net + qradiation net + qconduction net 

The quantity 4radiation net 
t e s t  conditions. Convective heating o r  cooling of the  i n t e r i o r  surface w a s  a l s o  
found t o  be negligible because of the  very low density of t h e  a i r  within the  
model. Because of the  d i f f i c u l t i e s  involved i n  the  instrumentation of s m a l l  
models t o  define adequately the  loca l  skin temperature gradients, the  following 
procedure was devised t o  estimate the  e f f e c t s  of skin conduction on t h e  heat- 
storage rates measured i n  the  wind tunnel. 

w a s  estimated and found t o  be negligible f o r  both 

The measured heat-storage rates were p lo t ted  as a function of skin tempera- 
t u r e  beginning with coolant shut off  and continuing u n t i l  t h e  temperature r i s e  
rates diminished t o  a low value. If t h e  net conduction i s  negligible and i f  t h e  
heat-transfer coeff ic ient  and t h e  adiabatic w a l l  temperature are  constant, a 
l inear relationship should be obtained between heating rate  and model w a l l  tem- 

intercept f o r  zero heating rate should occur a t  t h e  adiabatic w a l l  temperature 
and t h e  slope of t h e  curve i s  equal i n  magnitude t o  t h e  heat-transfer coeff ic ient .  
This resul t  follows from t h e  basic def in i t ion  of heat-transfer coeff ic ient  i n  the  
equation: 

perature. The heat balance equation then becomes: - - Cstored. The 

qconvection 

TAW - TW 
h =  

Curves of t h i s  type which are representative of t h e  upper and lower leve ls  
of heating experienced by t h e  wind-tunnel model are shown i n  figures 2 and 3. 
Both heat-storage rates and heat-transfer coef f ic ien ts  are p lo t ted  as a function 
of w a l l  temperature f o r  locations a t  t h e  model nose and on the  f l a t  upper sur- 
face. It i s  seen t h a t  during t h e  heating cycle a period of l i nea r  var ia t ion of 
heat-storage r a t e  with w a l l  temperature (and hence constant heat-transfer coef- 
f i c i e n t )  does occur. 
of conduction e f fec ts  and are  presented. Since t h e  same type of model w a s  used 
i n  the  shock tunnel where the  convective heating rates a re  approximately two 

- 

Only data obtained i n  such periods were considered f r e e  
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ders of magnitude greater  and the time scale i s  considerably compressed, it c) as assumed t h a t  the r a t i o  of the  net conducted heat t o  the convected heat w a s  
a l so  negligible during the shock-tunnel t e s t s .  

The heat-storage rate was calculated from the re la t ion :  

I 

, where p and C a re  the density and specific heat of the model skin,  T i s  the 
lmal  skin thickaess, a ~ x i  ~ / c l + -  
mined f romthe  oscillograph record. The specific heat.used w a s  taken from 
reference 17. 

is the t e q e r z t w e  rise rake V ~ F C ~  was 3 e t . e ~  

Data presentation.- The data from the shock tunnel w i l l  be presented i n  the 

The data from the  wind tunnel w i l l  
form of the dimensionless r a t i o  of l oca l  heating t o  the  body stagnation-point 
heating which occurred at  0' angle of a t tack .  
be presented as the r a t i o  of heat-transfer coeff ic ients .  
two forms of heating parameters may be made i n  the  following manner. 

A comparison of these 

From the usual def in i t ion  of heat-transfer coef f ic ien t ,  

a heat-transfer coeff ic ient  more applicable t o  higher enthalpies may be defined 
a s  : 

where h i s  based on the  enthalpy poten t ia l  and cp i s  evaluated a t  some refer -  
ence condition. The r a t i o  of l oca l  heat-transfer coeff ic ient  t o  the stagnation- 
point heat-transfer coeff ic ient  i s  then: 

- =  

Now, since the r a t i o  €Iw/% for  the shock-tunnel t e s t s  was  approximately 
it i s  seen t h a t  the re la t ion  may be wri t ten with small . 0.04 and, fo r  .HAW =: yT 

I er ror  as: 

- =  
ho 4, 
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shock-tunnel tests var ies  from about 1 .0  on the  nose and conical surface t o  ab0 d Further, on the windward areas of t h i s  blunt body the r a t i o  

1.10 on the f l a t  top.  Therefore, i n  l i e u  of an accurate means t o  evaluate l o c a l  
recovery enthalpies the shock-tunnel data i n  the  form 
with the wind-tunnel data i n  the form The accuracy of t h i s  comparison i s  
believed t o  be suff ic ient  f o r  t he  comparative purposes of t h i s  report ,  t h a t  i s ,  
approximately 10 percent. Notice t h a t ,  i n  general, the r a t i o  of heating r a t e s  
w i l l  be lower than the r a t i o  of heat-transfer coeff ic ients .  

%/HAW for  t he  

4/ao w i l l  be presented 
h/ho. 

The wind-tunnel data i n  the  form of heat-transfer coeff ic ients  were com- 
puted f rom the relat ion:  

qstored 
h =  

Tm - Tw 
where 
p r i o r  t o  cooling and TW 
heating cycle. 
b a t i c  w a l l  temperatures and the r e s u l t s  f o r  the upper and lower surface meridians 
a re  presented i n  t ab le  I. 
used with the  theory of reference 18 i n  t h i s  calculat ion of adiabat ic  w a l l t e m -  
peratures f o r  t he  case of laminar flow a t  The comparison, i n  general, 
shows a r e l a t ive ly  small e f f ec t  of w a l l  conduction a t  equilibrium on the  r e s u l t s  
when it is recal led t h a t  t he  difference between equilibrium w a l l  temperature and 
l o c a l  w a l l  temperature i s  the  f ac to r  t h a t  enters  the expression f o r  heat-transfer 
coeff ic ient .  The l a rges t  conduction e f f e c t s  a r e  found t o  occur on the  f l a t  upper 
surface. Because of t he  low heat-transfer coeff ic ients  prevalent i n  t h i s  area 
a t  small angle of a t tack,  and the  e f f e c t  of t he  nonisothermalwall, t o  be dis-  
cussed l a t e r ,  the  top surface temperatures, as seen i n  f igure 3, were higher 
than those of other areas of the body during the period of data evaluation. It 
i s  seen t h a t  temperatures as high as 800 F or 90° F a r e  required t o  meet the 
c r i t e r i a  established f o r  data reduction. The 9O F difference between the meas- 
ured equilibrium w a l l  temperature and the  calculated adiabatic w a l l  temperature 
could r e su l t  i n  an uncertainty of approximately 14 percent i n  the  heat-transfer 
coefficient.  The dashed l i n e  i n  f igure 3(a) i s  shown f o r  comparison and repre- 
sents  the re la t ion  necessary t o  es tab l i sh  zero heat input a t  t he  calculated 
adiabatic w a l l  temperature. Because the  example j u s t  described necessarily 
represents a rather  extreme condition occurring on a l imited portion of t he  body 
a t  small angles of a t tack,  t he  measured equilibrium w a l l  temperatures were used 
throughout i n  the reduction of data .  

Tm i s  the measured l o c a l  equilibrium w a l l  temperature during "hot soak" 
i s  the l o c a l  instantaneous w a l l  temperature during the  

Measured equilibrium w a l l  temperatures a r e  compared with adia- 

The measured pressures reported i n  reference 6 were 

CL = Oo. 

Accuracy.- The accuracy of t he  various measurements has been estimated and 
the r e su l t s ,  i n  general, a r e  believed t o  be accurate within 215 percent. A 
single exception i s  the data taken on t h e  top surface of the wind-tunnel model 
a t  low angle of a t tack .  
a r e s u l t  of the uncertainty i n  equilibrium w a l l  temperature j u s t  described and 
the effect  of the nonisothermal w a l l  which w i l l  be discussed l a t e r .  

- 
These data a r e  believed t o  be somewhat l e s s  accurate as 
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RESULTS AND DISCUSSION 

Body Heating 

Longitudinal heating d is t r ibu t ion . -  Before the heating d is t r ibu t ions  a re  
discussed, it i s  of i n t e re s t  t o  examine the body pressure d is t r ibu t ion  shown i n  
f igure 4. The t e s t  data were taken from reference 6 and the dashed l i n e  repre- 
sents modified Newtonian impact theory. The abscissa i s  the r a t i o  of l o c a l  sur- 

butions of body pressures a re  reasonably w e l l  represented by the theory with the 
pr incipal  differences occurring on the af t  portion of the lower meridian a t  
cc = Oo 

-face s is tance te t h e  prir,cipal rafiius. :Jete t h z t  loi-git-uriii-ai d i s t r i -  

and on the  upper meridian at  both angles. 

The present r e s u l t s  w i l l  be shown i n  the  form of the  r a t i o  of l o c a l  heating 
t o  t h a t  which occurred a t  the stagnation point when the angle of a t tack w a s  zero. 
Results fo r  the stagnation point were presented with the i n i t i a l  par t  of t h i s  
investigation which w a s  reported i n  reference 10. The reference stagnation-point 
heat-transfer coeff ic ient ,  ho, used t o  normalize the wind-tunnel r e s u l t s  i s  an 
average of measured data obtained from several runs and i s  0.0264 Btu/ft2 sec OF. 
For comparison, the value 0.0269 Btu/ft2 sec O F  w a s  obtained with the  theory of 
reference 19. The present shock-tunnel data were normalized with respect t o  the  
measured stagnation-point heating r a t e  of each individual t e s t  which varied from 
about 340 t o  370 Btu/ft2 sec.  360 Btu/f t2  sec was obtained from an 
estimate using the  theory of reference 19. 

The value 

Results f o r  the measurement of heat t ransfer  t o  the upper and lower body 
meridians a re  shown i n  f igures  5 and 6. 
shown together i n  figure 5 and separately w i t h  angle of a t tack a s  a parameter i n  
f igure 6;. In  the  theore t ica l  calculations,  the pressure coeff ic ients  presented 
by Sarabia i n  reference 6 were used f o r  both t e s t  conditions, The data are  com- 
pared with the laminar-flow theory of Lees (see r e f .  20) at the nose and on the 
lower meridian of the cone. 
and Dore, given i n  references 21 and 22, respectively, were used t o  estimate the  
heating d is t r ibu t ion  of the  f l a t  upper surface. The curve labeled three- 
dimensional flow was obtained by increasing the two-dimensional r e su l t  by &;. 
Heating of the  forward portion of the f la t  upper surface, which begins a t  
S1/ro = 0.8, i s  seen i n  f igure 5(a) t o  decrease from a l eve l  consistent with the 
prediction f o r  three-dimensional flow t o  a value more charac te r i s t ic 'o f  a two- 
dimensional flow. 

Wind-tunnel and shock-tunnel data a re  

The laminar-flow theories of Van Driest and of Romig 

It i s  noted t h a t  substant ia l  differences i n  the two heating d is t r ibu t ions  
.(wind tunnel and shock tunnel) occurred i n  the upper surface region. 
t o  be considered i n  t h i s  comparison are  the influence of Mach number on the body 
pressures and the  influence of the nonisothermal w a l l  present i n  the wind-tunnel 
t e s t s .  The higher &ch nwiber i n  the stream of the shock tunnel a f f e c t s  the  
'conversion t o  pressure r a t i o s  of the  pressure coeff ic ients  presented i n  f igure 4.  
Specifically,  it w a s  found tha t  for  a given pressure coefficient the upper SLIP 

face pressure was considerably reduced re la t ive  t o  the stagnation pressure fo r  

Two e f f ec t s  

higher Mach number. In par t ,  t h i s  difference accounts for the  lower r e l a t ive  
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0 l e v e l  of heating on the  upper surface i n  the  shock-tunnel t e s t s .  
connection, it should be noted t h a t  the  pressures obtained as j u s t  described were 
used with the  theory of Romig and Dore ( r e f .  22) t o  obtain t h e  estimates shown 
i n  f igure  5(a) ,  and reasonable agreement with experimental r e s u l t s  w a s  obtained. 
The second f ac to r  t o  consider involves t h e  nonisothermal w a l l  ex is t ing  f o r  t h e  
low-enthalpy heat-transfer measurements. 
ment of t h i s  departure from an isothermal w a l l ,  while t r iv ia l  f o r  t he  case of t he  ~ 

high-enthalpy shock-tunnel t e s t s ,  w a s  of some importance f o r  t he  wind-tunnel 
t e s t s .  
reference 23. 
c ien ts  measured on the  top surface of the  wind-tunnel model a t  
much as 30 percent higher than would be expected on an isothermal model. 
because of the various uncertaint ies  involved i n  these calculations,  t he  data 
were not adjusted f o r  t h i s  e f f ec t .  

I n  t h i s  

The e f f ec t  on boundary-layer develop- 

E s t i m a t e s  of t he  magnitude of t h i s  e f f ec t  were made with the  theory of 
The results of these estimates indicate  t h a t  heat- t ransfer  coeff i -  

may be as a = 0' 
However, 

A general t rend noted i n  the  longi tudinal  heating d is t r ibu t ions  i s  the  
difference in  l e v e l  of the  two sets of data.  The shock-tunnel d i s t r ibu t ions  
consistently l i e  below the  wind-tunnel data with the  grea tes t  differences occur- 
r ing  on the surfaces l e a s t  incl ined t o  the  stream. It i s  believed t h a t  t h i s  
r e s u l t  i s  i n  accordance with the  previous disscussions regarding t h e  e f f e c t s  of 
,Mach number, nonisothermal w a l l  and the  r a t i o  of a/& compared t o  h/ho. 

A.n addi t ional  point of i n t e r e s t  noted i n  the  wind-tunnel data i s  the  a rea  
of high loca l  heating which occurred on the  upper surface of t he  nose. The 
l e v e l  of heating i n  t h i s  area w a s  about 20 percent i n  excess of t h e  reference 
stagnation-point value. 
the  theory of reference 24 and i s  seen i n  f igure  5(b) as the  cross symbol. 

Good agreement w a s  obtained with an estimate made with 

Circumferential heating dis t r ibut ion.-  
heating a t  t he  approximate midpoint of t h e  body i s  presented i n  f igure  7. 
estimated d i s t r ibu t ion  i s  shown fo r  a = Oo 
between the two s e t s  of data. This d i s t r ibu t ion  was obtained by joining the  
heating r a t e  values a t  
a t i o n  f o r  a yawed cone and a swept cylinder.  

The circumferential  d i s t r ibu t ion  of 

i n  f igure  7(a) and i s  found t o  l i e  

G/Gt = 0 and 1 used i n  f igure  5 with an estimated vari-  

An 

Note i n  f igure  7(b) t h a t  the  wind-tunnel data for  a = -14O show a pro- 
This edge approx- 

Despite the  small radius  of curvature, 
nounced increase i n  heating on the  upper curved leading edge. 
imates a portion of a swept cylinder.  
however, the heating of t h i s  region does not exceed t h a t  of t he  conical surface 
a t  a, = 0' which i s  approximately 40 percent of t he  reference stagnation value. 

Body heating a t  angle of a t tack.-  The influence of angle of a t tack  on the  
heating d is t r ibu t ion  i s  i l l u s t r a t e d  i n  f igure  8. 
theory of reference 20 a re  shown f o r  comparison with the  data f o r  t he  hemispher- . 
i c a l  and conical surfaces, and i n  f igure 8(a) ,  t he  data f o r  t h e  top  surface a re  
compared with estimates made with t h e  theory of reference 21. It i s  seen t h a t  
f o r  t he  upper and lower meridians, agreement with t h e  theo re t i ca l  estimates i s  
affected by body angle of a t tack .  
stream at a = -6.60 and the  top surface i s  p a r a l l e l  a t  a, = 0 . A s  the  body i s  

Results obtained with the  

Mote t h a t  the  cone a x i s  i s  p a r a l l e l  t o  the  
0 

pitched t o  posi t ive angles of a t tack ,  t h e  theo re t i ca l  predict ion fa l l s  increas- 
ingly below the  r e s u l t s  measured on t h e  lower meridian, i n  both pa r t s  of 
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negative angles a similar trend i s  noted on the upper meridian i n  f igure 8(a). Ih so note i n  figure 8(a) t h a t  heating of the  upper nose area (S'/ro = 0.10), 
which w a s  discussed with the longitudinal dis t r ibut ions as being greater  than 
t h a t  of the  stagnation point, s teadi ly  increases at negative angles of a t tack.  

I )  Control Heating 

Body pressure f i e ld . -  To assist i n  the analysis of the present measure- 
ments of controi  neating, a b r i e f  study was made of the flow f i e l d s  i n  which the  
controls operate. I n  par t icu lar ,  p i t o t  pressures were measured i n  the  flow 
surrounding the body. 
t e s t s  a t  M = 5 and the  r e s u l t s  a r e  presented i n  f igure 9. Note i n  f igures  9(a) 
and 9(b)  t h a t  the  flow which passes through the n o m 1  portion of the bow shock 
wave and, hence, which has low p i t o t  pressure is confined t o  a t h i n  layer  between 
the innermost impact tube and the conical surface. 
coeff ic ients  a r e  re la t ive ly  high; f o r  example, a t  a = Oo the  pressure coeff i -  

diameter f romthe  conical surface. 
maximum of about 5.2 which i s  at ta ined a t  t h i s  Mach number by flow passing 
through the  oblique portion of the  bow shock and being isentropical ly  compressed 
t o  the  conical body surface. 

These measurements were obtained f romthe  wind-tunnel 

Indeed the pitot-pressure 

b c ien t  r i s e s  t o  about 4.8 at  t h i s  locat ion which is  only 4 percent of the body 
This value approaches the theore t ica l  

It i s  seen i n  figure 9(c)  for  a = 0' 
were within the  shock envelope a t  t h i s  Mach number and recorded pressures con- 
t inuously increasing away f romthe  body. 
the  theo re t i ca l  values for  isentropic expansion of flow f romthe  normal shock. 
Notice that the r a t e  of pressure increase i s  mch higher i n  t h i s  region a t  
a = -14'; i n  f a c t ,  the  pressures a re  tending t o  the l eve l  of those measured 
with the  side and lower rakes. 

that  a l l  four p i t o t  survey tubes 

A t  the body surface, the data approach 

Control s e t  I.- Control s e t  I consis ts  of four flap-type controls attached 
t o  the rear of the  body with a small gap between the  control and the body sur- 
face.  These controls,  which a re  shown i n  figure l ( a > ,  have an aspect r a t i o  of 
0.6 and were t e s t ed  a t  deflection angles from Oo t o  80'. 
heating r a t i o s  a r e  shown i n  f igure 10 a s  a function of control def lect ion angle. 
The small t r iangular  symbols represent locations at  the af t  inboard and outboard 
corners of the  f l a p  and the square symbols represent shock-tunnel data obtained 
a t  midchord near the  edge. The bars on the wind-tunnel data represent the 
m a x i m  and minimum values measured on the  control a t  other locat ions.  The 
flagged synibols i n  f igures  10(b) and (c )  are data obtained from shock-tunnel shots 
made a t  somewhat reduced enthalpy. 
b l e  with the  data  obtained a t  the nominal test condition. 

For these controls,  

They are ,  however, considered t o  be compara- 

The theo re t i ca l  e s t i m t e s  of heating ratios f o r  the t r a i l i n g  edge of the  
qontrol i n  the  wind-tunnel t e s t s  were obtained i n  the  following manner. 
flow w a s  assumed t o  pass through the  oblique shock wave of a 36.6O half-angle 
cone, t o  proceed isentropical ly  t o  the  region of the  control leading edge and 

The 
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then t o  pass through the control shock wave; t he  control-shock-wave angles were 
determined from the shadowgraphs. 
w a s  assumed t o  begin a t  t he  control leading edge, and t o  be subjected t o  the  
control pressure dis t r ibut ions which were reported i n  reference 6. 
i c a l  estimates, shown i n  f igure l O ( a ) ,  a r e  seen t o  l i e  between the  t w o  s e t s  of 
measured values f o r  the upper control and t o  be somewhat below the measurements 
f o r  the lower control. 
leading edge i s  believed t o  be the primary cause of t he  difference between the 
theory and data  as the deflection angle i s  increased. Crossflow e f fec t s  would be 
expected a t  the larger  deflection angles with a consequent decrease i n  t he  l o c a l  
Reynolds number and an increase i n  the  heating a t  t he  t r a i l i n g  edge of t he  con- 

- 
t r o l .  The a = 0' shock-tunnel data, seen i n  f igure 10(b),  show a continuous 
increase i n  heating with deflection angle a t  the midchord position. 
fo r  t he  t r a i l i n g  edge of both upper and lower controls,  however, i s  r e l a t i v e l y  
constant a t  deflection angles greater than about 40'. 

A three-dimensional laminar boundary layer  

The theoret-  

The assumption of a boundary-layer or igin a t  t he  control - 

The heating 

The data presented i n  figure lO(c) show that at a. = -14' t he  upper control  
heating r a t i o s  a re  l e s s  i n  the shock tunnel than i n  the wind tunnel.  A t  t he  
higher Mach number of the shock tunnel the t r a i l i n g  edge of t h i s  control i s  
believed t o  be outside the body shock-wave envelope. Theoretical estimates of 
the heating a t  the f l a p  t r a i l i n g  edge a r e  shown i n  f igure lO(c) f o r  a. = -2.4'. 
These estimates a re  seen t o  be i n  fa i r  agreement with the measured r e s u l t s  i n  t he  
wind tunnel. No means w a s  found, however, t o  predict  the very high heating a t  
the forward edge of the control ( indicated by the top of the bars)  which i s  
immersed i n  a complex flow f i e l d .  Shadowgraphs of the flow about t he  model 
during the wind-tunnel t e s t s  a t  low enthalpy a re  seen i n  f igure 11. Note the  
substant ia l  differences i n  the flow over the upper control a t  0' and -14' angles 
of attack. 

a 

An interest ing r e s u l t  of a t e s t  i n  the shock tunnel indicates t h a t  t he  area 
of high heating a t  the forward edge of t he  control may extend onto the body sur- 
face .  Figure 12 (a )  i s  a self-luminous photograph of flow over the model i n  the 
shock tunnel and f igure l 2 ( b )  shows the model a f t e r  t e s t .  The right-hand upper 
control was deflected 78' and the left-hand upper control w a s  deflected 63'. 
Both controls were insulated from the model base and hence could not influence 
the top surface by thermal conduction. 
a f t e r  t e s t  the darkened oxidized areas on the top  surface of the body d i r e c t l y  
i n  f ron t  of the controls.  
high local  heating r a t e  may cer ta inly be inferred from the appearance of t he  
model surface. Test r e s u l t s  which were presented i n  reference 25 a l s o  indicate  
a substantial  var ia t ion i n  the heating of t he  body surface i n  the  v ic in i ty  of 
the controls. 

Notice i n  the photograph of the model 

Unfortunately t h i s  area w a s  not instrumented but a 

Additional heating dis t r ibut ions measured i n  the wind tunnel f o r  control  . 
s e t  I a r e  presented i n  f igures  13 and 14. 
the highest heating generally occurred a t  the forward thermocouple location. 
Only three exceptions t o  t h i s  were found: t he  lower control a t  6 = 45' f o r  
both angles of  a t tack,  and the upper control  a t  6 = 10' f o r  a = 0'. A point 
Of in terest  i n  the dis t r ibut ions f'3r t he  upper control a t  

The data of these f igures  show t h a t  

a. = Oo, f igure l 3 ( b ) ,  
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the substant ia l  spanwise heating gradients. Spanwise gradients a r e  a l so  
displayed i n  the pressure data of reference 6 although a t  the rearmost s ta t ion ,  
I,/% = 0.9, the pressure gradient i s  reversed with respect t o  the  heating 
d i  str ibut  ion. 

The longitudinal heating dis t r ibut ions for control s e t  I a t  Oo angle of 
a t t ack  a re  compared with theore t ica l  predictions i n  f igures  15 and 16. 
r e t i c a l  curves were computed by the same method described with f igure 10. The 
flow w a s  assumed t o  pass through e i the r  the normal shock a t  the nose of the body 
or the oblique shock of a 36.6O half-angle cone as noted i n  the f igures .  Note 

coeff ic ients  w a s  found t o  be greater on the outer edge than on the  inner edge. 
This trend i s  suggestive of a crossflow component away from the model center l i n e  
which i s  consistent with the model geometry since a t  
pitched 6.60. 

The theo- 

t h a t  on the  lower control ( f ig .  i?), the  iongitudiriai iiecreaae iri heat-+-n-nc-- I IJ.CI.&LUIL.I 

a = Oo t he  cone ax is  i s  

Control s e t  11.- Heating d is t r ibu t ions  were measured i n  the wind tunnel 
with control s e t  I1 for  a = Oo and -14O. 
i s  seen i n  f igure l ( b ) .  
used with control  s e t  I. 
the  controls w i t h  extended tabs  a t  the sides.  The data,  which a re  fo r  
only, a r e  i n  f igure  17. 
Note the close proximity t o  the  body upper surface of the or ig in  of the  shock 
from the upper control.  
separation a t  t h i s  def lect ion angle. 

A sketch of the model configuration 
Note t h a t  the gap configuration i s  d i f fe ren t  from t h a t  

6 = 25' 
A full-span open s l o t  w a s  obtained by straddle mounting 

Figure 18 i s  a shadowgraph of the flow a t  

The gap configuration apparently limits boundary-layer 

a = 0'. 

Relatively constant heating was found over the surface of these controls a t  
both 
60 percent t o  30 percent of the reference stagnation value a s  the body i s  pitched 
from 
average heating r a t i o  of about 0.3 t o  0.35 over most of the  control a t  the two 
angles of a t tack  and about 0.4 t o  0.5 a t  the  point nearest the body. The upper 
p i tch  control experienced approximately l/3 of the heating of the  lower control 
a t  a = 0' and about equal heating a t  a = -14'. A curious spanwise heating 
gradient was noted a t  the  s t a t ion  L/Lt = 0.906 of the upper control a t  
( f ig .  1 7 ( c ) ) .  
it i s  believed t h a t  a slight twisting of the control may have occurred a s  a 
r e su l t  of the  increased loads at  a = -14O 
unsymne t r i  c a l l y  . 

a = Oo and -14O. 

a = Oo t o  -140. 

The heating of the lower control decreases from about 

The data f o r  the  yaw control, f igure 17(b), show an 

a = -14' 
Since the d is t r ibu t ion  on the  same control was uniform a t  a = Oo, 

inasmuch a s  the  control w a s  supported 

Comparison of r e s u l t s  for  control se t  I and control s e t  11.- Comparison of 
the heating r a t i o s  fo r  the various f l a p  controls i s  seen i n  f igure 19. The 
longitudinal heating d is t r ibu t ions  measured i n  the wind tunnel a r e  compared 

-with estimates for  three-dimensional laminar flow. 
these estimates w a s  described with f igure 10. 
mates were the  wind-tunnel measurements f o r  control se t  I reported i n  reference 6. 

The method used i n  making 
Flap pressures used f o r  the e s t i -  

Substant ia l  differences i n  heating a re  noted between the  two upper control 
configurations. The heat-transfer coefficients fo r  the larger  center control a re  
roughly 1/2 those obtained on the outboard, lower aspect-rat io  control.  



(Comparison o f  r e s u l t s  i n  f igs .  14(b) and 17( e)  shows t h a t  t h i s  i s  a l s o  t r u e  a 
a = - 1 4 O . )  The deflection angles were not exactly the  same, 25' as compared t 
30°, but t h e  primary cause of the difference i s  believed t o  be spanwise var ia -  
t ions i n  the  flow approaching the controls. The spanwise heating var ia t ions 
found on t h e  upper control of s e t  I (seen i n  figs.  l3 (b)  and 14(b) )  would 
fu r the r  support t h i s  view. Note i n  f igure l9(b)  the s i m i l a r i t y  i n  the  heating 
l e v e l  of t he  two lower controls which a re  immersed i n  the  conical flow from the 
body. The differences i n  heating between the  lower and yaw control a r e  a t t r i b -  - 
uted t o  the f a c t  t h a t  t h i s  body a t t i t ude ,  a = Oo, requires the  cone axis  t o  be 
pitched 6.6O. 

I n  view of the differences between the  upper controls which may be la rge ly  
due t o  t h e i r  locat ion with respect t o  the  nonuniform flow f i e l d  generated by the  
forebody, and the lack of difference i n  the two lower controls,  which may be 
associated with the small deflection angle used i n  the t e s t ,  it i s  believed t h a t  
conclusions regarding the e f f ec t s  of f l a p  aspect r a t i o  and gap configuration m u s t  
a w a i t  a more extensive investigation. 

Elevons.- Small elevonlike controls,  t es ted  i n  the 10- by 14-inch wind 
tunnel,  are sketched i n  f igure l ( c ) .  
the leading edge and on the upper and lower surfaces of these controls are shown 
i n  figures 20 and 21. Heating of the leading edge i s  seen t o  vary from about 
0.6 t o  0.8 of the reference stagnation value and heating r a t i o s  f o r  t he  upper and 
lower surfaces a r e  i n  the range from 0 . 1 t o  about 0.4. I n  f igure 20 the  leading- 
edge heating i s  compared with estimates obtained with t h e  ideal-gas swept- 
cylinder theory of reference 26. Theoretical estimates a re  shown f o r  three types 
of flow. For two of t he  estimates a Prandt l -Eyer  expansion w a s  assumed t o  o r ig i -  
nate a t  the r ea r  edge of the body and t o  continue until the resu l t ing  Mach l i n e  
and the leading edge of the elevon were coincident; t he  leading edge of t he  
elevon was considered t o  be a swept cylinder i n  the resul t ing flow f i e l d  t o  
obtain the estimated heat-transfer coeff ic ients .  I n  one estimate the  conditions 
a t  t he  rear edge of the forebody were f o r  a normal forebody shock and i n  t h e  
other f o r  an  oblique shock. The leading-edge data a r e  somewhat below the  theo- 
r e t i c a l  value obtained assuming normal shock t o t a l  head f o r  the unpitched cone 
(a = -6.6') and exhibit  a nearly symmetrical increase i n  heating with cone p i tch  
angle. For the upper and lower elevon surfaces the t rend of t he  data i s  as 
expected: the lower surface heating increases with nose-up body p i tch  angle and 
the upper surface heating decreases. Although the lower surface data a r e  some- 
what e r r a t i c ,  approximately equal heating of t he  upper and lower surfaces did 
occur when the cone ax i s  w a s  a l ined with the  f r e e  stream ( a  = -6.6'). 

Representative heating r a t i o s  measured on 

Elevon heating as a function of def lect ion angle a t  three angles of a t tack 
i s  presented i n  figure 21. The r e l a t i v e  i n s e n s i t i v i t y  of t h e  leading-edge heat-  
ing t o  control deflection angle may be indicative of heat conduction i n  the  ele-  
von skin. 
estimated e r ro r  of less than 10 percent. 

Estimates of the magnitude of t h i s  e f f e c t ,  'however, yielded an 

Base heating.- Base-heating measurements of an exploratory nature were made 
i n  the present investlgation. Heat-transfer coeff ic ients  obtained for t he  base 
of the wind-tunnel model a r e  presented i n  f igure 22. 
these t e s t s .  The f irst ,  sketched i n  f igure l ( d ) ,  w a s  supported by a dual s t i  
attached t o  the model a t  the locat ion of t h e  upper controls and the second w a  
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pported i n  t h e  conventional manner with a single cen t r a l  s t ing .  

marked decrease i n  heating from the  edge of the base t o  t h e  center. This d i s t r i -  
bution as seen i n  f igure  22(a) i s  symmetrical with the  lower f l aps  removed and 
var ies  from about 4 percent t o  1 percent of the reference stagnation-point value. 
Considerable asymmetry i n  the  heating dis t r ibut ion occurred with the  lower con- 
t r o l s  undeflected ( f i g .  22(b)).  
resu l ted  from a nonexact alinement of t he  s m a l l  controls with the  surface of t he  
body. I n  f igure  22(c) it i s  seen t h a t  heating r a t i o s  of approximately 8 percent 
were measured near t h e  edge of t he  base, The data  of t h e  s t i n g  supported model 

" (ftg, 22(d)) s~tggestr. relattvely iiniform base heating, but  f o r  t he  three  locat ions 
at which measurements were made with both support systems, t h e  heating r a t i o s  are 
t h e  same as i n  f igure 22(b). 
system as i n  the  present t e s t s  was used f o r  the measurement of base pressures 
( r e f  . 6).  
contrast  t o  t h e  present measurements which show a s igni f icant  decrease i n  heating 
toward t h e  base center. It i s  indicated, therefore,  t h a t  t h e  observed var ia t ions  
i n  heating a re  not due t o  var ia t ions i n  pressure but t o  some other phenomenon. 

The data  e btained with t h e  top supported model, f igures 22(a),  ( b ) ,  and ( e ) ,  exhibi t  a 

It i s  believed t h a t  t h i s  asymmetry may have 

It should be noted t h a t  t h e  same dual support 

These measurements showed ra ther  constant pressures over t he  base, i n  

CONCLUDING REMARKS 

The aerodynamic heating of a blunt l i f t i n g  body with controls  has been 
invest igated experimentally. 
stream stagnation enthalpy of 160 Btu/lb i n  a steady-flow wind tunnel and a t  a 
Mach-number of 10 and a stream stagnation enthalpy of 4000 Btu/lb ir, a combustion- 
driven shock tunnel. 
0.72~10~ and O.012x1O6, respectively.  
from +6,3' t o  -14' and f o r  th ree  control  configurations. 
has shown t h e  following: 

Measurements were made a t  a Mach number of 5 and a 

The stream Reynolds numbers based on body diameter were 
Results were obtained f o r  angles of a t tack  

Analysis of t he  r e s u l t s  

1. Heating d is t r ibu t ions  measured on the nose and conical surfaces of the  
body were similar at t he  two enthalpy l eve l s  and could be predicted by theory. 

2. Heating d is t r ibu t ions  measured i n  the two f a c i l i t i e s  on t h e  f l a t  upper 
surface were diss imilar .  The data  fo r  higher Mach number and enthalpy from the  
shock tunnel  indicated somewhat lower heating r e l a t ive  t o  t h e  stagnation point. 

3. Control surfaces extending i n t o  t h e  flow f i e l d  generated by t h e  blunt 

A t  l a rge  deflection angles the  controls a r e  subjected t o  heating consid- 
asymmetrical forebody shape encounter a loca l  stream of r e l a t ive ly  high t o t a l  
head. 
erably i n  excess of t h a t  at t h e  stagnation point of t h e  body. There w a s  some 
indicat ion t h a t  t he  heating of adjacent areas of t he  body a l so  w a s  high. 

4. 
on the  body. 
heating experienced by outboard mounted controls. 

Heating of t h e  upper f l a p  controls depended on t h e i r  l a t e r a l  locat ion 
The center-mounted control  received approximately one half  of t he  - 



5 .  Heating of 
r ea r  of the body was 
i n  general agreement 

the  leading edge of small elevonlike controls  mounted a t  the  
approximately 70 percent of body stagnation heating and w a s  
with swept-cylinder theory.  

6. Wind-tunnel measurements of base heating revea l  a pronounced increase i n  
This i s  i n  heating a t  t h e  outer edge of t he  base r e l a t ive  t o  t h a t  a t  the center .  

contrast  t o  pressure measurements which show essen t i a l ly  uniform base pressures.  

Ames Research Center 
N a t i o n a l  Aeronautics and Space Administration 

Moffett Field,  Calif . ,  Nov. 12, 1962 
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Figure 7.- Circumferential heating d is t r ibu t ions  a t  X/Xt = 0.45 f o r  three 
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